The hypothalamic-pituitary-adrenal (HPA) axis is the primary endocrine system to respond to stress. The HPA axis may be affected by increased level of corticotrophin-releasing factors under chronic stress and by chronic administration of monosodium glutamate (MSG). The purpose of this study was to investigate whether chronic MSG administration aggravates chronic variable stress (CVS)-induced behavioral and hormonal changes. Twenty-four adult male Sprague-Dawley rats, weighing 200∼ 220 g, were divided into 4 groups as follows: water administration (CON), MSG (3 g/kg) administration (MSG), CVS, and CVS with MSG (3 g/kg) administration (CVS＋ MSG). In addition, for the purpose of comparing the effect on plasma corticosterone levels between chronic stress and daily care or acute stress, 2 groups were added at the end of the experiment; the 2 new groups were as follows: naïve mice (n=7) and mice exposed to restraint stress for 2 h just before decapitation (A-Str, n=7) . In an open field test performed after the experiment, the CVS＋ MSG group significant decrease in activity. The increase in relative adrenal weights in the CVS and CVS＋ MSG group was significantly greater than those in the CON and/or MSG groups. In spite of the increase in the relative adrenal weight, there was a significant decrease in the plasma corticosterone levels in the CVS＋ MSG group as compared to all other groups, except the naïve group. These results suggest that impaired HPA axis function as well as the decrease in the behavioral activity in adult rats can be induced by chronic MSG administration under CVS rather than CVS alone.
INTRODUCTION
The activation of the hypothalamic-pituitary-adrenal (HPA) axis is a typical response of the stress process. Many types of stress affect the responsiveness of the HPA axis and stimulate the release of corticotropin-releasing factor (CRF) from the paraventricular nucleus (PVN) in the hypothalamus [1] . The production and release of adrenocorticotropic hormone (ACTH) from the pituitary gland concomitantly increases with the increase in the release of CRF [1] . ACTH, in turn, stimulates the release of glucocorticoids in humans or corticosterone in animals from the adrenal cortex [1] . Excitatory amino acid neurotransmitters as well as brain stimulants have also been implicated in the chronic activation of the HPA axis [2] . Although the precise role of these neurotransmitters in stress response is unclear, there is increasing preclinical evidence that glutamate, which is an excitatory amino acid, plays an important role in the regulation of the HPA axis [2] . Glutamate is the most abundant excitatory amino acid neurotransmitter in the brain and has been known to activate the HPA axis and induce ACTH elevation [3] .
Currently, thousands of agents are intentionally added to food, and we daily consume a considerable amount of these agents. Among them, the flavor enhancer monosodium glutamate (MSG), which is a sodium salt of glutamate, is one of the most widely used food additives in our daily diet [4] . Since Lucas and Newhouse first described the harmful effects of MSG [5] , MSG treatment has been known to cause hormonal alterations, which in turn affect the physical state and behavior, especially in neonates who have an immature blood-brain barrier [6] . However, there have been reports that the general use of glutamate salts (L-MSG and others) as food additives can be regarded harmless [7] . MSG has not been reported to have any noteworthy adverse effect in adults [7] . Paradoxically, many food production companies claim these days that their products are MSG-free.
In spite of the ongoing efforts to show the neurotoxic effects of MSG in studies in adult animals and human, the neurotoxic effects of MSG have not yet been confirmed. However, previous studies have also proven that alterations in the central nervous system (CNS)-pituitary-adrenal axis (including an increase in serum levels of corticosterone and ACTH) as well as in the nerve growth factor (NGF) and neuropeptide Y (NPY) concentrations in the hypothalamic and pituitary glands can be induced in MSG-treated neonatal rats [8, 9] . Furthermore, several researchers have reported that systemic or dietary MSG administration caused prominent increases in the glutamate levels in adult animals, although there were some differences between glutamate levels in the plasma and cerebrospinal fluid (CSF) depending on the administration route [10, 11] .
All living organisms are continuously exposed to various stresses daily, which if not dealt with well may increase the risk of developing health problems. We inevitably come into contact with food additives known as excitotoxins, such as MSG and aspartame [12] , if we do not try to deliberately avoid them.
Currently, both stress and MSG are deeply involved in the everyday life, in that stress is considered to be a reason for many adult diseases, and MSG, which recently became of interest as a food-related substance, is known to affect dietary habits and the endocrine system.
In the present study, we hypothesized that the responsiveness of the HPA axis could be changed by chronic MSG administration. Therefore, the purpose of this study was to investigate whether chronic MSG administration has an aggravating effect on behavioral and hormonal responses under CVS.
METHODS

Animals
Animal use protocols were approved by the Institutional Guidelines of the Committee on Animal Research at the Wonkwang University and all efforts were made to minimize animal suffering, as well as to reduce the number of animals according to the guideline recommendations. A total number of 24 adult male Sprague-Dawley rats purchased from Samtaco (BioKorea, Osan, South Korea), weighing approximately 200 g, were housed in individual cages for 7 days for acclimatization to the study surroundings, and allowed free access to fresh water and chow (Purina Rat Chow no. 5008: Ralston Purina, St. Louis, MO) ad libitum in a temperature-controlled environment of 24 o C with a 12-h light, 12-h dark cycle before initiation of the stress schedule.
The animals were randomly assigned and divided into 4 groups: CON (receiving water freely, n=6), MSG (receiving 3 g/kg MSG solution, n=6), CVS (n=6), and CVS＋MSG (receiving 3 g/kg MSG solution under CVS, n=6). Additionally, for the purpose of comparing the effect on the plasma corticosterone levels to chronic stress by daily care or acute stress, 2 groups were added at the end of the main experiment: naïve rats weighing about 250 g which were not exposed to stress or daily care and housed in individual cages for 7 days for acclimatization only (naïve, n=7) and rats exposed to restraint stress for 2 hours just before decapitation (A-Str, n=7). MSG was administered orally by an intubation tube at doses of 3 g/kg which was dissolved in distilled water once every morning for 6 days per week until the end of the experiment. The average administration volume of the MSG solution was around 1.5 ml. From the beginning to the end of the experiment, all rats were weighed twice per week and the amount of food consumed was recorded daily.
Chronic variable stress protocol
The rats in the CVS and CVS＋MSG group spent 7 weeks under the CVS protocol and the rats of the other groups spent the same time under normal conditions, except for the administration of MSG (3 g/kg) in the MSG group. The CVS protocol used in this study was modified from that described in a previous study [13] . The weekly protocol consisted of placement in a small cage, sprinkling with ice water, and exposure to white noise, a stroboscope, light at night (illumination), intruding sound, and irregular vibration. Each period of exposure to the stressors lasted 2∼16 h each week (Table 1) .
Open field test
To compare the behavioral activity before and after the experiment, an open field test was performed using an activity monitor system (MED-Associates, Inc., Georgia, VT) under dim light and in a quiet room between 7:00 p.m. and 10:00 p.m. To eliminate the effect of behavior testing on the plasma corticosterone level, the open field test was completed in all animals at least 1 day before the end of the experiment. The exploring activity was analyzed using the supported program, and test time was divided into 5 sections of a total of 15 minutes. The value of each behavioral Fig. 1 . Time-dependent changes of body weight in each group for 7 weeks. *Denotes significant differences among groups based on the one-way ANOVA and Bonferroni test (*p＜0.05). There are significant differences in the body weight between CON and other groups; an especially remarkable decrease could be seen in the CVS ＋MSG group. CON, control; MSG, monosodium glutamate; CVS, chronic variable stress. Fig. 2 . Time-dependent changes of food consumption in each group for 7 weeks. *Denotes significant differences among groups based on the one-way ANOVA and Bonferroni test (*p＜0.05). There are significant differences in the daily food intake between the control (CON) and other groups. The difference in food intake between the groups gradually decreased during the course of the experiment, except in the CON group. CON, control; MSG, monosodium glutamate; CVS, chronic variable stress.
response variable such as distance traveled and stereotypic, ambulatory, and vertical counts were compared and analyzed.
To monitor the exploring activity, we used a transparent acrylic box (43.2×43.2×30.5 cm) with 2 sets of 16 laser pointers on each wall. One set consisting of 4 infrared beams was placed in both the X-and Y-axis inside the box to monitor all floor level movements. The other set was positioned 10 cm above floor level to monitor the vertical movements of the rats. Each rat was gently placed in the center of the box. Animal activity was measured via a grid of invisible infrared light beams. A number of equally spaced beams traversed the animal cage from the front to the back, and an equal number of beams traversed the same cage from the left to the right. Some of the beams were interrupted when the body of the rat was placed in the box, thereby revealing its position in the X-Y plane. Horizontal activity was assessed according to the total distance traveled and ambulatory count was recorded as the number of infrared beams interrupted. Vertical activity (rearing) was counted when the animal lifted its forepaws from the ground and stretched itself with or without the support of the wall.
Measurement of corticosterone levels and adrenal weight
The plasma levels of corticosterone were determined by radioimmunoassay (RIA), and the weight of the adrenal glands was also evaluated. Rats were killed by decapitation and blood samples were then obtained for the RIA. All animals were killed between 9:00 a.m. and 12:00 a.m. Blood samples were then centrifuged and the plasma was collected. Plasma corticosterone levels were measured with a commercially available kit (Coat-a-Count rat corticosterone, Diagnostic Product Cooperation, Los Angeles, CA). The Coat-a-Count rat corticosterone antiserum is highly specific for rat corticosterone with extremely low cross-reactivity to other compounds, thus this method is suitable for measuring total corticosterone including protein-bound form. The RIA was performed at the Department of Nuclear Medicine of the Wonkwang University Hospital. The sensitivity of the assay was 5.7 ng/ml. After collection of the blood, both adrenal glands were dissected and fixed in 4% paraformaldehyde, and the wet weight of each gland was measured at the same time after the end of the experiment.
Statistical analyses
All values are represented as mean±S.D. Statistical analyses were carried out with SPSS software (v 11.0 SPSS Inc., Chicago, IL). We performed one-way analysis of variance (ANOVA) and the Bonferroni post-hoc test to analyze changes in all parameters between the groups. A p value ＜0.05 was considered to indicate significance.
RESULTS
Changes in body weight and food intake
The changes in body weight and food intake through the experimental period in all groups are shown in Fig. 1 and Fig. 2 . At the beginning of the stress experiment, the rats weighed approximately 250 g and no significant difference was seen in body weight and food intake between all groups. However, 1 week after beginning of the stress protocol, there was a significant difference in body weight and food intake between the CON and CVS＋MSG group. During the following weeks and in contrast to the CON group, considerable differences were observed in the body weight gain in all groups. The average body weight at 7 weeks was 431.33±27.79 g in the CON group, 384.82±23.99 g in the MSG group, 373.47±16.61 g in the CVS group, and 350.99± 22.96 g in the CVS＋MSG group. In particular, a more noticeable decrease was seen in CVS＋MSG group than in the other groups compared with the CON group (Fig. 1, p＜0 .05).
The largest differences in food intake were observed in the first week after the beginning of the experiment; how- There are significant differences in all parameters between the groups, especially the rats in the CVS＋MSG group showed a remarkable decrease in their activity in the stereotypic count measurement. *Denotes significant differences among the groups based on the one-way ANOVA and Bonferroni test (*p ＜0.05). CON, control; MSG, monosodium glutamate; CVS, chronic variable stress. ever, as the experiment progressed, these differences between the groups decreased, except in the CON group. At the end of the experiment, there were significant differences in the food intake between the CON group and other groups (Fig. 2, p＜0 .05).
Open field test
All animals showed a stereotypic movement such as grooming, sniffling and licking, and exploration, including Impaired horizontal and vertical movements. Most vertical activity was seen with the support of the wall. The stereotypic and exploring activity gradually decreased as the experiment progressed. Before the beginning of the stress experiment, there were no activity differences between all groups (Fig. 3) . However, at the end of the experimental period, there was a decreasing tendency in all parameters, except for the vertical activity in the CVS＋MSG group compared to all other groups (Fig. 4, p＜0 .05). There was no difference in ambulatory count, traveled distance, and vertical count between the CON and MSG or CVS group. However, there was a significant decrease in some sections of the stereotypic count measurement between the CON group and all other groups (Fig. 4, p＜0 .05). The rats in the CVS＋MSG group showed an especially significant decrease in activity by stereotypic count measurement over the whole experimental period of 15 min, except for the third section (Fig. 4, p＜0 .05).
Adrenal gland
There was no difference in the absolute adrenal weight among the groups. The average adrenal weight was 243.50± 16.92 mg in the CON group, 237.67±17.78 mg in the MSG group, 248.00±30.08 mg in the CVS group, and 256.92± 25.94 mg in the CVS＋MSG group. However, the relative adrenal weight to body weight ratio was significantly higher in the CVS group (0.066±0.007) and CVS＋MSG group (0.075±0.009) than in the CON group (0.056±0.002) (Fig. 5,  p＜0 .05). In addition, although there was no significant difference in the relative adrenal weight between the MSG and CVS group, the relative adrenal weight in the CVS＋ MSG group (0.075±0.009) was significantly higher than in the MSG group (0.062±0.005) (Fig. 5, p＜0 .05).
Plasma corticosterone level
There was a significant difference in the plasma corticosterone levels between the naïve group (8.80±3.47 ng/ml) and all other groups, including the CON group (449.26± 75.74 ng/ml). In addition, there was a significant increase in the plasma corticosterone level in the A-Str group (753.31±158.17 ng/ml) compared to all other groups (Fig.  6, p＜0 .05). Compared to the CON group, there was no difference in the plasma levels of corticosterone in the MSG (458.29±51.98 ng/ml) or CVS group (426.93±72.75 ng/mL). However, the plasma corticosterone level in the CVS＋MSG group (340.46±74.79 ng/ml) was significantly lower compared to all other groups, except the naïve group (Fig. 6,  p＜0 .05).
DISCUSSION
The present study was aimed at investigating the influence of MSG and/or chronic stress on body weight, food intake, exploring behavior, and HPA axis in rats using plasma corticosterone levels and the weight of the adrenal glands.
Body weight
There was a gradual increase in body weight in all groups as the experiment progressed, although the rate of the increase was different between each group. One week after the beginning of the experiment, there was a smaller increase in the body weight in all groups than in that of the CON, and an especially significant decrease could be seen in the CVS＋MSG group compared to the CON group. Many investigators have shown that stress suppresses food intake and body weight gain in rats [14, 15] . However, there were several discrepancies in the changes of the body weight af-ter stress exposure. For example, in a study by Marin et al. on weight changes in rats exposed to chronic restraint stress or CVS for 10 days, a significant weight loss was observed in the latter group [1] . Considering the previous report, the CVS used in the present experiment is known to be difficult to adapt to, which makes this a reasonable result in the CVS or CVS＋MSG group. Rats in the MSG group also showed a difference in weight gain compared to the CON group, indicating that MSG administration seems to be a stress at the beginning period of the experiment. However, it has been shown that once the stress has ended and even when adaptation was achieved, the body weight of the rats did not return to that of the CON group [1] .
Food Intake
Although the central mechanisms involved in the stress-induced inhibition of food intake have not been fully elucidated, it has been demonstrated that chronic exposure to stress decreases food intake and body weight and induces adrenal hypertrophy [16] . In the present study, the changes in food intake and body weight were also consistent with the results of previous reports when rats were exposed to CVS [14, 15, 17] . It has been reported that CRF is involved in stress-induced inhibition of food intake [18] . CRF is a key mediator of many aspects related to stress [19] , and several investigators have attributed stress-induced anorexia to activation of CRF [20] . In light of the relationship between CRF and food intake, the result of our experiment might be caused by the persistent hypersecretion of CRF due to CVS. Also, the decreased food intake in the MSG group might be caused by increased fasting levels of leptin which is related to the reduced food intake [21] .
Open field test
For the purpose of investigating behavioral changes, we conducted an open field test, which is commonly used as a measurement of stress-related behavior [22] . All animals showed a gradual decrease in their locomotor activity during the course of the present experiment. Generally, it has been accepted that animals placed into the same experimental arena show a gradual decrease in the intensity of locomotor and exploratory activity initially shown in that environment [23] . The CVS model (also known as the chronic mild stress model) used in this study has been developed in experimental animals to simulate the number of unpredictable annoying events of the everyday life. It has also been used to investigate behavioral changes associated with depression [24] . As a result induced by CVS, some authors reported decreased [25, 26] while others found increased anxiety [27] .
In the present study, aggressive or escape behavior such as jumping, digging, climbing, and gnawing was not exhibited by any of the animals during the open field test. Compared to the behavioral results before the initiation of the stress protocol, all animals tended to be more active. It is generally known that the locomotor activity in adult rats is higher than in pups (at about the time of weaning) [28] and handled animals show more exploring activity compared to non-handled animals [29] . Handling is regarded as mild controllable stress rather than severe, uncontrollable stress [30] . Although we tried to prevent the control animals from being stressed, the result of the present study could arise from unintended mild stress that were inflicted on them by daily routines such as intubation for MSG or vehicle administration, cleaning of the cage, or measuring of the food and body weight.
It has been known that normal rats usually show increased rearing and grooming in a novel open field. However, it has been reported that rats exposed to chronic unpredicted mild stress showed a significant decrease in their rearing and grooming activity in a novel open field. This observation may indicate a "refractory loss of interest" which is one of the core symptoms of depression [31, 32] . The results of our experiments showed a significant decrease of the stereotypic count in all groups with the exception of the CON group. In the CVS and CVS＋MSG group, the results were similar to those of previous studies [31, 32] in terms of the decrease in stereotypic movements in all stressed animals. However, there was a difference in the explorative activity. It has been suggested that the changes in behavior depend on species differences, diurnal variation, methodological details, and so on [33] [34] [35] . The reason for the difference between our results and those reported by Luo et al. or Wang et al. is due to methodological differences rather than others. That is, showing a depressive behavior in an open field test seems to be more related to severity than chronicity of the stress mode.
Surprisingly, the rats in the MSG group showed unexpected results in regard to depressive behavior in the open field test. Results regarding changes in the exploratory behavior as well as the neurotoxic effects of MSG after neonatal MSG treatment are still controversial. In addition, little attention has been given to the behavioral effects of MSG administration. Although the present study offered an initial contribution to the behavioral effect of MSG in adult rats, more studies are needed in the future.
In addition to the reduction in the stereotypic and exploring activity in the open field by chronic mild stress [35] , there is ample evidence that an increase in CRF associated with stress leads to decreased locomotor activity [19, 31, 32, 35] and is related to depression [36] . Therefore, consistent with the well-known relationship between life stress and depression [37] , CRF has been assumed to play a role in depressive illnesses.
Thus, the higher decrease in activity seen in the CVS＋ MSG group compared to the CVS group in this experiment could be explained by persistent overstimulation of the hypothalamus of the animals in the CVS＋MSG group not only by unadaptable stress but also by excess glutamate. In addition, excess MSG might induce hypersecretion of CRF, which subsequently might cause the decrease in behavioral activity in the open field test regarded as depressive behavior.
Adrenal response
It has been demonstrated that excitatory amino acids play an important role in the activation of the HPA axis [3] , a key component of the stress responses. Glutamate is a well-known excitatory neurotransmitter, and known to be responsible for the fast excitatory input to magnocellular and parvocellular neurons in the PVN, where CRF is released [3] . In rats, glutamate injection into the third ventricle elevated plasma ACTH levels [38] , and its agonists had similar effects as endogenous glutamate [39, 40] . Excessive accumulation of glutamate in the extracellular spaces may lead to excessive activation of glutamate receptors in the hypothalamic nuclei. In a previous study, although there was a difference between systemic and dietary administration of MSG, glutamate levels in the plasma were apparently increased after administration of MSG. Monno et al. reported that 4 g/kg of MSG given to adult rats by forced gavage induced a 4.2-to 8.9-fold increase in extracellular glutamate levels within the hippocampus and hypothalamus, respectively [10] . Therefore, it is quite possible that glutamate levels in some brain regions, including the hypothalamus or circumventricular organs, which lack a bloodbrain-barrier, could increase in proportion to the increase in the plasma glutamate concentration. However, there was a controversial report showing that no changes were observed in the glutamate levels of dialysates of the arcuate nucleus, in spite of increased MSG levels in the plasma [11] that could eventually activate the HPA axis.
To verify the influence of stress and whether the simultaneous administration of MSG has an aggravating effect on the HPA axis, the adrenal gland weight and plasma corticosterone concentration were compared. As reported in previous studies, the relative adrenal gland weight of all stressed animals in this study was significantly increased compared to the CON group. In addition, the relative adrenal gland weight in the CVS＋MSG group increased significantly more than in the other groups. It is considered that the adrenal gland in stressed animals, especially in the CVS＋MSG group, was more frequently or strongly stimulated than in the other animals. In the CVS group, plasma corticosterone levels were not significantly different compared to the CON group in spite of sustained stress. We demonstrated in a previous study that urinary corticosterone levels were higher from the first to the fifth week, but the urinary and serum corticosterone levels were not statistically different between the groups at 6 week. There are several presumptions to explain the relatively low level of corticosterone and adrenal hypertrophy at the seventh week in the CVS group including the generation of a stronger negative feedback inhibition or down-regulation of the CRF receptor in the hypothalamus due to the high CRF milieu [41, 42] . It remains to be elucidated how the HPA axis responds to chronic stress in terms of CRF. In addition, even though the relative adrenal gland weight in the CVS＋ MSG group was higher than that in the other groups, plasma corticosterone levels were significantly decreased compared to the other groups, including the CVS group.
Stress has been associated with the activation of the HPA axis, ultimately resulting in an increased secretion of glucocorticoids from the adrenal glands. The physiological effects of glucocorticoids help the organism to maintain homeostasis under conditions of stress. It has been accepted that the increase in corticosterone release from the adrenal gland in rats is a response to acute stress. However, there is a discrepancy in the chronic stress responses; that is, contradictory results were found when evaluating the effects of chronic stress on the basal cortisol or corticosterone release. The levels of plasma cortisol in humans or corticosterone in rats that were chronically exposed to physical or emotional stress have been shown to increase, decrease, [43] or not to change. Stress is a frequent precipitating factor in major depression [44] . In the current study, we used a CVS model to investigate the effect of long-term life stress that was sufficient to cause depression. Depression is known to be associated with sustained hyperactivity of the stress axis caused by the stress neurotransmitter CRF, which initiates the change in the HPA axis [36] . In addition to psychological changes that reflect maladaptation to chronic stress, physical changes can also occur that are associated with metabolic changes initiated by hypersecretion of glucocorticoids and hyperactivity of the sympathoadrenal system [45] . In recent years, however, since Yehuda et al. described the phenomenon of hypocortisolism in post-traumatic patients [46] , there is increasing evidence for a relatively decreased rather than increased cortisol secretion in individuals [41, 42] . The studied individuals have been exposed to severe stress or suffered from stress-related disorders such as chronic fatigue syndrome, fibromyalgia, chronic pelvic pain, depression, and even major life events [41, 42] . It has also been reported that stress-related neuropsychiatric disorders may be characterized by insufficient glucocorticoid signaling, as manifested by hypocortisolism or impaired glucocorticoid responsiveness associated with evidence of an increased vulnerability to bodily disorders, immune activation, and hypersecretion of CRF [41, 42] .
It has been suggested that several mechanisms underlie the development and persistence of hypocortisolism in chronic stress [41, 42] . Heim et al. suggested that alterations on several levels of the HPA axis may contribute to the presence of hypocortisolism, and many factors, such as genetics, gender, or early stress experiences among others, may determine the development of hypocortisolism [41] . Among the mechanisms suggested by Heim et al., CRF hypersecretion and adaptive down-regulation of pituitary CRF receptors may be the most feasible explanation of our result. That is, the present result implies that hypocortisolism could be induced by overstimulation of the hypothalamus due to CVS and simultaneous accumulation of excessive glutamate by chronic MSG administration. In other words, when the hypothalamus is stimulated by chronic stress it may become overstimulated by excessive glutamate in the CSF due to chronic MSG administration. Successively, CRF hypersecretion occurs in the hypothalamus and adaptive down-regulation of the pituitary CRF receptor and decreased ACTH release could follow. As a result, the release of corticosterone, the end product of the HPA axis, may have been decreased. Consequently, it is possible to aggravate the response of the HPA axis by chronic stimulation with excitotoxins such as MSG under CVS.
In conclusion, the results showed relatively decreased plasma corticosterone levels as well as decreased sterotypic behavior in the CVS＋MSG group as compared to the corresponding levels in the other groups. These results suggest that HPA axis function can be impaired by overstimulation of the hypothalamus and simultaneous accumulation of excessive glutamate due to chronic MSG administration. Further investigations are needed to demonstrate the adverse effects of other excitotoxins, stimulants, or depressants such as aspartame, caffeine, nicotine, and cocaine, and to investigate the effect of changes in the adrenomedullary system on the behavior in rats under CVS and/or those administered MSG.
